Abstract: Parallel synthesis of a small library of hydroxy functionalized bicyclic lactams with optically pure mimicking dipeptide Pro-Ser has been accomplished via aldol condensation of aldehyde 9 with N-BocGlyCO 2 Et. The configurations of eight scaffolds were established unambiguously by NMR spectroscopy.
Synthesis of Conformationally Restricted and Optically Pure Analogues of Serine-Proline Dipeptide via Aldol Condensation

S y n t h e s i s o f C o n f o r m a t i o n a l l y R e s t r i c t e d A n a l o g u e s o f S e r -P r o D i p e p t i d e
The poor receptor subtype selectivity, poor biostability and unfavorable absorption properties that often accompany therapeutically relevant peptides has generated a considerable amount of interest in the design of high affinity and selective peptidomimetics. 1 A common feature of their design makes use of conformationally constrained structures such as fused bicycles. It is very well known that the inherent structural rigidity of such molecules hampers the rotation around the C-N and C-C bonds present in the natural peptides, and in some cases, leads to a favorite preorganization of the binding sites, which in turn induces a secondary structure into the peptide backbone. 2 In the last decade we have assisted the flourishing development of elegant synthetic routes for the preparation of peptide mimics based on bicyclic structures. 3 However, there has not been so much effort devoted to the preparation of similar scaffolds bearing functional groups suitable for the synthesis of more complex molecules, such as mimics of peptide conjugates or glycopeptides. 4 Thus, in connection with our constant interest on developing new synthetic routes for the preparation of scaffolds by means of combinatorial technology, we wish to report herein on a parallel synthesis of hydroxyl functionalized fused bicyclic lactams mimicking the Ser-Pro dipeptide, i.e. 1-8 ( Figure 1 ). These lactams, characterized by three different points of derivatization, may be used as scaffolds in parallel/combinatorial syntheses. Recently, we have reported the enantioselective syntheses of a library of amino acid scaffolds, based on azaoxobicylic structures. 3c The versatility of our synthetic route relies on the key intermediate aldehydes 9a,b (Scheme 1), which can be conveniently prepared in a multigram scale from pyroglutamic acid.
3c Thus, aldehydes 9a or b were condensed at low temperature (-78°C, THF) with the commercially available N-Boc-glycine ethyl ester in the presence of 2.1 equivalents of ZnCl 2 and LDA generated in situ (DIPA, BuLi), affording an almost equimolar mixture of the four diastereoisomers respectively (10a-d or 11a-d), in an overall yield of around 80% (Scheme 1). The diasteromeric ratios were determined by HPLC on the crude materials and are reported in Table 1 . Despite that Zn-chelated enolates lead to a poor diasteroselectivity, the presence of ZnCl 2 is crucial. 5 In fact, using Li-enolates (2 equiv of LDA) the yields decreased to 32% in the case of aldehyde 9a and to 25% in the case of 9b. Unreacted starting material was mostly recovered accompanied by a limited amount of unidentified by-products. Adding 1 mol equivalent of ZnCl 2 to the Li-enolate solution did not affect the reaction course (same yield and selectivity). Purification of the aldol mixture by flash chromatography allowed the separation of only two out of the four diastereoisomers, i.e. 10b and 10c or 11a and 11d, respectively, which by NMR analysis, appear as a mixture of conformers due to the existence of cis-and trans-isomers about the proline N-Cbz amide bond. The remaining diasteromeric mixtures, i.e. 10a + d or 11b + c, were submitted without further separation to the following steps of the synthesis. These consisted in the cleavage of Cbz amino protecting group, which was quantitatively removed by standard catalytic hydrogenation on Pd/C, followed by thermally induced intramolecular reaction of the free amino group with the ethyl ester, which lead to the mixtures of lactams, i.e. 2 and 4 or 5 and 7. At this stage the diasteroisomers could be easily separated by chromatography. Similarly, the remaining aldol adducts (10b,c and 11a,d) were submitted to the same synthetic sequence affording respectively the scaffolds 1, 3, 6 and 8. The overall yields of deprotection and thermal cyclization reactions are summarized in Table 2 . The temperature in the cyclization reaction was found to be crucial, the best yields for the cyclization reaction were obtained using toluene (90°C), whereas the yields decreased on using methanol and N,Ndiisopropylethylamine (70°C).
Finally, the configurations of the eight lactams were determined unambiguously by NMR spectroscopy using the following procedure. The cis relation of the newly formed stereocenters in compounds 1, 5 and 6 ( Figure 1 ) was evidenced by the presence of NOEs between the protons H-3 and H-4 ( Figure 1 ). This NOE was absent in the trans series 3, 4, 7 and 8. Furthermore, the presence of NOE between the proton H-3 and H-6 in compounds 1 and 6 allowed to unequivocally assign the configuration of compounds 1 and 6 as 3R,4R,6S,9R and 3S,4S,6R,9R, respectively, since the stereochemistry at C-6 is known and conserved during the synthesis. The presence of NOE between H-3 and H-6 in compound 7 and between H-4 and H-6 in compound 8 allowed to unequivocally assign the configuration of compound 7 and 8 as 3S,4R,6R,9R and 3R,4S,6R,9R, respectively. In the case of scaffolds 2-4, due to the overlap of the relevant proton signals of their spectra, the analyses were carried out on the corresponding O-acetyl derivatives, i.e. 12-14, showing a more suitable dispersion of the chemical shifts. The acetates were obtained by treatment with Ac 2 O and pyridine in 60-80% yields (Scheme 1). b Yields refer to the mixtures of diastereoisomers. For compound 12, NOEs between H-3 and H-4 and between the methyl of the acetyl group and H-6 were observed unequivocally assigning the relative configuration as 3S,4S,6S,9R. In the case of 13 the stereochemistry was determined observing the NOE between H-4 and H6 and the NH group with H-4.
In conclusion a parallel synthesis of a small library of optically pure scaffolds mimicking the dipeptide Ser-Pro has been achieved by mean of aldol reactions on aldehyde 9a or 9b. All reaction steps proceed with good yields using common reagents and combinatorial technology apparatus.
All chemicals and solvents were of reagent grade and were used without further purification. Solvents were dried by standard procedures, and reactions requiring anhydrous conditions were performed under N 2 . Melting points were determined on a Stuart Scientific SMP3 apparatus and are uncorrected. Optical rotations were measured in cell of 1 dm path length and 1 mL capacity with a Perkin-Elmer 241 polarimeter. 1 H and 13 C NMR spectra were recorded at 300 K on Bruker AC-200 spectrometer. Chemical shifts d are expressed in ppm relative to internal Me 4 Si as standard. Mass spectroscopy was determined with a VG 7070 EQ-HF apparatus. TLC was carried out with precoated Merck F 254 silica-gel plates. Flash chromatography (FC) was carried out with Macherey-Nagel silica gel 60 (230-400 mesh). Elemental analyses were performed by the staff of the microanalytical laboratory of our department. The carousel reaction stations by StepBio were used as the apparatus for the parallel synthesis. Aldol Condensation; General Procedure A To a solution of anhyd i-Pr 2 NH (2.5 mL, 17.69 mmol) in anhyd THF (100 ml) at 0°C and under N 2 was added a solution of BuLi (1.6 M in THF, 1.1 mL, 17.69 mmol). After 20 min, the mixture was cooled to -78°C and a solution of N-Boc-glycine ethyl ester (1.68 g, 8.26 mmol) in anhyd THF (5 mL) was added dropwise. After 20 min, ZnCl 2 (1.33 g, 9.78 mmol) was added to the solution and after further 15 min a solution of aldehyde 9a or 9b (1.62 g, 4.66 mmol) in anhyd THF (15 mL) was added dropwise. After 1 h, the mixture was diluted with phosphate buffer (100 mL). The two phases were allowed to warm to r.t., and the aqueous phase was extracted with EtOAc (3 × 120 mL). The combined organic extracts were dried (Na 2 SO 4 ), filtered and the solvent was evaporated to give a crude mixture of diastereoisomers that was purified by flash cromatography (hexane-EtOAc, 7:3) to afford an overall yield of 77-78%. 1, 154.8, 136.1, 136.0, 128.7, 128.3, 128.2, 127.9, 127.8, 127.6, 81.2, 81.1, 79.7, 71.0, 70.4, 69.7, 67.2, 67.0, 66.8, 61.6, 61.4, 61.3, 60.4, 60.3, 60.1, 60.0, 58.6, 56.3, 54.9, 54.7, 40.6, 39.0, 29.6, 28.9, 28.6, 28.5, 28.2, 27.8, 27.6, 27.4, 27.3, 14 .0. 2, 171.0, 156.2, 135.9, 128.3, 127.9, 127.6, 81.3, 79.4, 67.8, 67.4, 61.0, 60.8, 57.9, 55.7, 39.0, 30.4, 29.5, 28.8, 28.1, 27.6, 14 .0. 170.8, 156.1, 155.3, 135.8, 128.2, 127.9, 127.6, 81.2, 79.3, 68.8, 67.5, 60.9, 60.1, 57.8, 55.4, 38.6, 30.3, 39.4, 28.7, 28.1, 27.6, 14 .0. 3, 171.1, 154.9, 154.6, 136.0, 128.2, 127.8, 127.6, 81.5, 79.4, 70.7, 70.2, 69.5, 67.1, 67.0, 61.1, 60.7, 60.4, 58.7, 57.1, 57.0, 56.1, 55.4, 39.8, 38.2, 37.6, 31.2, 30.4, 28.9, 28.1, 27.6, 14 .0.
(2S,5S,2¢R,3¢R)-5-(3¢-tert-Butoxycarbonylamino-3¢-ethoxycarbonyl-2¢-hydroxypropyl)pyrrolidine-1,2-dicarboxylic Acid 1-Benzyl Ester 2-tert-Butyl Ester (10c)
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: m/z calcd for C 28 H 42 N 2 O 9 550.29; found: 551.
Catalytic Hydrogenation; General Procedure B
A solution of aldol 10 or 11 (0.4545 g, 0.82 mmol) in MeOH (8.2 mL) containing a catalytic amount of 10% Pd/C was stirred overnight under H 2 . The catalyst was then removed through a Celite pad, the solvent was evaporated under reduced pressure and the crude was used without further purification.
Cyclization in MeOH; General Procedure C
The product of catalytic hydrogenation (0.82 mmol) was dissolved in MeOH (42 mL), i-Pr 2 NEt (440 mL, 5.48 mL) was added and the solution was refluxed for 4 days. Thereafter, the solvent was removed under reduced pressure and the crude was purified by flash chromatography (hexane-EtOAc, 3:7) to afford lactams 1-8.
Cyclization in Toluene; General Procedure D
The product of catalytic hydrogenation (0.82 mmol) was dissolved in toluene (82 mL) and the solution was heated at 90°C for 5 days. Thereafter, the solvent was removed under reduced pressure and the crude was purified by flash chromatography (hexane-EtOAc, 3:7) to afford lactams 1-8. 7, 165.6, 81.6, 80.1, 66.4, 59.1, 55.9, 53.6, 34.4, 32.8, 28.2, 28.0, 27.9 . , 58.36; H, 8.16; N, 7.56. Found: C, 58.25; H, 8.14; N, 7.54 . 5, 166.6, 81.4, 80.3, 65.6, 58.6, 56.8, 54.7, 33.0, 30.9, 28.5, 27.8 2, 166.8, 155.8, 82.9, 79.6, 69.2, 58.7, 56.4, 53.6, 37.6, 33.1, 29.6, 29.0, 28.3, 27.8 . 3, 165.6, 95.3, 81.7, 80.4, 73.7, 59.9, 59.6, 54.4, 38.3, 30.6, 29.0, 28.1, 27.8 4, 165.7, 81.7, 80.0, 72.5, 59.3, 55.0, 53.8, 33.8, 32.0, 28.1, 27.9, 27.8, 21 .0. 
MS (FAB
